Introduction
Air pollution is not new, because there have been probAll manner of domestic and industrial activities lead lems of one form or another since fire was first used and to the injection of potentially toxic contaminants in to metals were first smelted, but the unbridled expansion of the air. Most have little or no discernible impact on industry in many parts of the world over the past century the environment, because the resulting concentrations has resulted in changes in the chemical composition of in the atmosphere fall well below the threshold for the atmosphere on a scale unprecedented in human hiseffects. Others attain levels that are known to exceed tory. In the first half of the 20th century, concerns over the recognized thresholds for damage to both fauna gaseous air pollution focused on the impacts of sulphur and flora. In this review the focus is on two of the dioxide (SO 2 ). However, the introduction of increasingly most ubiquitous air pollutants-sulphur dioxide (SO 2 ) stringent legislation to control SO 2 emissions in the latter and ozone (O 3 ). In many industrialized regions, groundhalf of the century has led to a dramatic decline in level concentrations of these gases are known to be regional SO 2 concentrations in many areas. In contrast, high enough to depress crop yields and cause subtle the rapid industrialization of many Eastern European, shifts in the composition of natural (and semi-natural) Asian and South American countries has resulted in a plant communities. Consequently, these pollutants growing concerns over the impacts of SO 2 on flora and constitute a novel evolutionary challenge for natural fauna in regions where SO 2 has not been a traditional and managed ecosystems. Herein, evidence is preproblem. Combined with rapid expansions in population, sented that some species are capable of responding the net result has been a steady rise in the total amount to this challenge by evolving the ability to grow and of pollutants injected into the earth's atmosphere reproduce in areas subjected to potentially phytotoxic (Posthumus, 1998) . In addition, there has been a fundapollutant concentrations. The prospects for breeding mental shift in the nature of the air pollution problems plants with enhanced resistance to the most common in industrialized regions; rising emissions of oxides of air pollutants are discussed and the tangible prospects nitrogen and volatile hydrocarbons resulting in growing of incorporating modern molecular approaches into concerns over the impacts of photochemical oxidants (in existing strategies for the identification, isolation and particular, ozone [O 3 ]) . The past century has witnessed a manipulation of air pollution resistance in new stock steady rise in the tropospheric concentration of ozone in are highlighted.
the northern hemisphere ( Volz and Kley, 1988; Marenco et al., 1994) , plus a sharp increase in the frequency and Key words: Ozone, sulphur dioxide, plant breeding, detoxiduration of potentially damaging photochemical episodes fication, antioxidants.
( Stockwell et al., 1997) . During these periods of intense photochemical activity, ground-level concentrations of O 3 reproduction, thus determining the degree of inbreeding), generation time, the presence or absence of seed banks, often exceed the 40 ppb (ppb=nl l−1=10−9) threshold for damage to the most sensitive crops for several hours and the timing of the exposure to air pollutants in relation to the stage of plant development. each day (Cape et al., 1994) . Indeed, current ambient levels of this powerful oxidant (redox potential= Much of the older literature draws attention to the dramatic changes in the genetic structure of populations +2.07 V ) have been shown to be high enough to depress crop yields and to induce typical visible symptoms of that can occur in situations where the selection pressures exerted by specific air pollutants are strong, for example, foliar injury in the most 'sensitive' taxa, in most industrialized countries (Runeckles and Chevone, 1992;  the high SO 2 concentrations experienced within the immediate vicinity of coal-burning power stations and/or UK-PORG, 1997; UN-ECE, 1994 , 1996 . The pollutant is also considered to be the cause of subtle smelting operations (Heggestad and Heck, 1971; Taylor and Murdy, 1975; Murdy, 1979) . However, the impacts shifts in the composition of natural (and semi-natural ) ecosystems (Fuhrer et al., 1997; Barnes et al., 1999) . In of ambient air pollution on plants in the field are usually a great deal more subtle. Nevertheless, there may be this review, the focus is on the subject of natural and man-made (directed and inadvertent) selection for resistprofound effects on genetic diversity even though stressed individuals rarely die as a direct result of exposure to ance to the most common air pollutants, O 3 and SO 2 , and briefly consider the tangible prospects for manipulatambient air pollutant concentrations ( Wolfenden and Mansfield, 1991) . Dunn was amongst the first to provide ing the resistance of domesticated species to these pollutants using recent advances in molecular technology.
evidence that the selection pressures imposed by some regional air pollutants may be high enough to drive the First, however, it may be necessary to define what we mean by 'air pollution resistance' in the context of the selection of resistant individuals within native populations (Dunn, 1959) , but, like so many other important discoverpresent chapter, since the term has been, and continues to be, used in a variety of ways. The term is used herein ies, his work lay forgotten for more than a decade-until independent research by Bell (reviewed by Bell et al., simply to refer to the 'ability to maintain growth and remain free from injury in a polluted environment' (sensu 1991) and Bradshaw (reviewed by Bradshaw and McNeilly, 1981) rekindled interest in the way in which Roose et al., 1982) . Resistance need not be complete and is envisaged to represent the sum of mechanisms underair pollutants might mould the genetic composition of plant communities. During the late 1970s and early 1980s lying 'avoidance' (i.e. pollutant exclusion and factors affecting the flux of the pollutant to its primary target) these authors provided strong (though largely circumstantial ) evidence that the moderate SO 2 concentrations and 'tolerance' (i.e. compensatory growth responses, detoxification and the repair of pollutant injury) (sensu (35-60 ppb) experienced in, and around, industrial centres in the north-west of England were high enough Tingey and Andersen, 1991). Notably, the mechanisms conferring resistance may be independent (i.e. pollutantto drive the selection of resistant individuals in genetically heterogeneous grass populations ( Fig. 1) . A process that specific) or broadly-based (i.e. a number of different pollutants trigger the same co-ordinated defence reaction) was, and still is, considered to be accelerated through the synergistic effects of SO 2 and other stresses (Davison and (Barnes and Wellburn, 1998) . Bailey, 1982; Barnes et al., 1996; Mansfield, 1998) . Evidence that SO 2 may act as an evolutionary agent Natural selection for air pollution resistance in has been reviewed extensively elsewhere (Roose et al., wild species Bell et al., 1991; Taylor et al., 1991; Taylor and Pitelka, 1992) . Consequently, this review focuses on O 3 Since the studies of Prat who was puzzled when he found plants of red campion (Silene dioica L.) growing on the because rather less attention has been paid to the question of whether ambient levels of this pollutant can drive shifts heavily contaminated spoils from an Austrian copper mine on which little else would grow (Prat, 1934) , it has in the genetic structure of native plant communities akin to those attributed to SO 2 . There are numerous problems been recognized that evolution can occur rapidly in many grasses and forbs in response to man-made changes in the inherent in the unequivocal demonstration of the evolution of resistance to this pollutant (Davison and Barnes, environment (Bradshaw, 1952; Bradshaw and McNeilly, 1981) . Research over the past 20 years, has shown that 1998). One difficulty is the fact that elevated concentrations of O 3 occur sporadically and do not display sharp potentially phytotoxic air pollutant concentrations may drive similar evolutionary changes in wild species. The boundaries, so it is difficult to undertake definitive comparisons on populations that originate from localities speed and extent of such changes governed by the intensity of the selection pressure exerted by the pollutant (i.e.
which are similar in all characteristics other than O 3 . Consequently, there is always the concern that comparpollutant level×genotype susceptibility), the nature and magnitude of gene flow within and between populations isons between populations may be confounded by differences in other environmental variables (e.g. climate, soils (i.e. governed chiefly by the mode and form of sexual Whitfield et al., 1997.) correlated with pollutant exposure (e.g. high photon flux density, soil water deficit and photochemical bi-products other than O 3 ). Despite these difficulties, there is a under controlled fumigation (reported in Davison and Barnes, 1998) . The unequivocal demonstration that simgrowing consensus that the potentially phytotoxic levels of O 3 experienced regularly during the spring and summer ilar shifts are driven by O 3 in nature is problematic, but indirect evidence that ambient concentrations of O 3 are in many industrialized, and industrializing, regions are high enough to drive the selection of resistant individuals high enough to drive the selection of resistant genotypes in the field has been provided by studies in which the O 3 within wild plant communities. A view supported by the unequivocal demonstration that (i) considerable genetic resistance of populations from different backgrounds has been compared (Berrang et al., 1986 (Berrang et al., , 1989 (Berrang et al., , 1991 Reiling variation in O 3 resistance exists within, as well as between, plant populations and (ii) ambient levels of O 3 differentiand Davison, 1992; Lyons et al., 1997) . Research has so far been limited to two species, Plantago major and aspen ally affect fitness-related traits (i.e. growth and fecundity).
The potential for the evolution of O 3 resistance has (Populus tremuloides Michx.). However, the available data reveal a significant relationship between the inherent been clearly demonstrated by Whitfield and colleagues ( Whitfield et al., 1997) . These authors selected seedlings 'resistance' of populations to O 3 and the O 3 -climate at the source of the plant material (Fig. 3) . Furthermore, from populations of common plantain (Plantago major L.), on the basis of size following a 2 week exposure to the percentage of resistant individuals within populations in the field appears to mirror changes in O 3 concentrations 70 ppb O 3 7 h d−1, and showed that it was possible (within a matter of only a few generations) to enhance over a number of years ( Heagle et al., 1991; Davison and Reiling, 1995) ; studies employing RAPDs to follow the O 3 resistance of an initially 'sensitive' population and, conversely, to enhance the sensitivity of an initially 'resistchanges in the population genetics of Plantago major under the influence of O 3 , providing evidence of direcant' population ( Fig. 2) . These effects have since been shown to be maintained in the selected lines and to be tional selection in situ rather than a catastrophic loss and replacement of populations through migration ( Wolff et reflected in differences in growth and seed production that considerable heritable variation in air pollution resistance exists between lines of the same crop ( Heggestad and Heck, 1971; Roose et al., 1982; Guderian et al., 1985; Treshow and Anderson, 1991) . Breeding experiments have generally concluded that resistance is a quantitative trait, governed by the additive effects of several genes (Sand, 1960; Aycock, 1972; Howell et al., 1971; Hanson et al., 1976; Taylor, 1978; DeVos et al., 1982; Roose, 1991) , but Macnair has recently questioned this view (Macnair, 1991 (Macnair, , 1993 , providing evidence that in many cases it is inevitable that air pollution resistance has been 'identified' as a polygenic trait in the majority of inheritance studies. It remains possible, therefore, that air pollution resistance is controlled by a relatively small number of major genes and several modifiers.
The large variation in sensitivity between breeding lines means that in the case of many crops there is the potential to develop cultivars with enhanced resistance to specific pollutants using conventional methods. However, few Hodges, 1972; Huang et al., 1975) . This was a goal Davison and Barnes, 1998.) targeted by breeders because in the mid-1950s the American tobacco industry in Connecticut, Maryland and al., 1999) . Nevertheless, several crucial questions remain.
Florida was devastated by a new disease known as In particular, it is still unclear whether the observed 'weather fleck'-later shown to be caused by O 3 differences in resistance between populations have arisen (Heggestad and Middleton, 1959; Heggestad, 1966) . The in response to O 3 and/or other correlated environmental success of organized breeding efforts has made it possible factors. There is also no information on what the 'costs' to continue the successful culture of this crop in areas of evolving resistance are, in terms of the ramifications where 'weather fleck' (ozone injury) would otherwise be for biodiversity, when pollutant levels decline and/or there prevalent. Directed selection programmes have also is substantial variation in pollutant levels from year-toresulted in the improved O 3 resistance of strains of alfalfa year (as is the case for O 3 ). Selection can, of course, go (Medicago sativa L.), sweet corn (Zea mays L.), snap backwards as well as forwards if resistant individuals are bean (Phaseolus vulgaris L.), eastern white pine (Pinus at a competitive disadvantage in the absence of the strobus L.) (Howell et al., 1971; Cameron, 1975; Butler pollutant (Bell et al., 1991) . The gene(s) involved in et al., 1979; Mebrahtu et al., 1990; Karnosky, 1991) and conferring O 3 resistance remain unidentified and it is still aspen ( Karnosky et al., 1992) . However these are isolated not known whether the mechanisms underlying resistance cases, and despite the plethora of information on possible to O 3 are universal; given the intrinsic variation within sources of more-resistant germplasm, relatively few plant and among species it is possibly naive to consider that breeding programmes have so far targeted enhanced air identical physiological and biochemical mechanisms have pollution resistance as a specific goal. This is rather evolved (Pell, 1987) .
disappointing since the development of new stock with enhanced tolerance to specific air pollutants should be as feasible as breeding for improved disease resistance or Selection for air pollution resistance in crop plants cold tolerance and could have considerable economic Directed selection benefits. Conversely, significant achievements have been made Although rankings of air pollution resistance may be strongly influenced by the choice of response parameter, in the selection of super-sensitive plants for bioindication purposes, particularly for ozone where tobacco (Nicotiana exposure levels, environmental conditions, and the stage of plant development, there is overwhelming evidence tabacum L.) cultivars 'Bel-W3' (sensitive), Bel-C (inter-mediary) and 'Bel-B' (resistant) have proven especially mutation that reduces the efficient use of absorbed sulphur (Schnug, 1990 (Schnug, , 1993 . Indeed, without additional sulphuruseful for mapping O 3 concentrations in remote regions (Heggestad, 1991; Lorenzini, 1992 Lorenzini, , 1994 . These genofertilization these 'double low' cultivars are unable to survive in the field under current conditions except in types were propagated from sensitive and resistant strains identified by breeders in the mid-1950s. Recent concerns areas of naturally high sulphur supply (Schnug, 1998) . The mutation was not discovered until the cultivars were (Biondi et al., 1992; Krupa et al., 1993) over the influence of numerous environmental factors on symptom expresintroduced into agriculture in the mid-1980s. The reason for this is believed to be the fact that the genotypes were sion in these genotypes has, however, led to their superbred during a period when background levels of atmosedence by a white clover (Trifolium repens L.) indicator spheric sulphur deposition were still high. system based upon measured changes in the biomass of It has been suggested that the breeding of lines which meristem-cultured plants, selected on the basis of performexhibit the highest yield and least injury (regardless of ance under controlled conditions (Heagle et al., 1994) .
cause) may drive the unconscious selection of genotypes with enhanced air pollution resistance, but there is little Inadvertent selection experimental data available to support or refute this Most crop plants are harvested annually. Consequently, hypothesis. Gould and Mansfield interpreted their interesthey are not subjected to the rigours of natural selection ting observation that a 2 week controlled exposure to in the same way as many wild species. However, it has SO 2 (61-77 ppb)+NO 2 (120-150 ppb) resulted in a 40% been suggested that inadvertent selection may form an decrease in total plant dry weight in two old varieties of inevitable component of all cultivar development prowinter wheat ('Little Joss' and 'Holdfast' bred and grammes carried out in polluted areas; selection in field released in the UK in 1908 and 1935, respectively), trials targeted at improving yields (and/or physiological compared with a 20% decrease in dry weight of a modern traits associated with high yields) resulting in the unconvariety (Avalon) (Gould and Mansfield, 1989) , as evidscious choice of lines with modified air pollution resistance ence supporting inadvertent selection for greater resistand/or a possibly greater requirement for certain nutriance to SO 2 in present-day varieties of winter wheat ents. Considering the narrow genetic base of the majority compared with their predecessors-a trait that may have of commercial crops, once established in a cultivar or contributed to the genetic improvements achieved in this variety, such unconsciously-introduced traits would be crop since the turn of the century (Austin et al., 1980) . expected to be maintained from generation to generaLater work (A Borland, A Rowland-Bamford and TA tion, especially in inbreeding species such as cereals.
Mansfield, unpublished results) on the same varieties Inadvertent selection would, however, be expected to be confirmed earlier findings, and demonstrated that the restricted to those situations where inadvertently selected contrasting resistance of these genotypes was linked with lines out-yield their more-susceptible counterparts in all differences in the extent of SO 2 uptake (Fig. 4) , a view environments, since variation in performance would comsupported by the finding that c. 50% more glutathione monly lead to their rejection by breeders (Austin et accumulated in the leaves of the 'old' variety 'Little Joss' al., 1980). compared with the modern variety 'Avalon' in response Probably the most convincing evidence that there has to a 6 d fumigation with 300 ppb SO 2 . This work sugbeen inadvertent selection, stems from the finding that many agricultural crops grown in Northern and Central Europe now commonly experience sulphur deficiency when they are not fertilized with this essential nutrient (Pedersen et al., 1998; Schnug and Haneklaus, 1998) . There appear to be two reasons for this. First, atmospheric sulphur deposition has declined dramatically in the afflicted regions due to the introduction of increasingly stringent emission controls, and second, cultivar development programmes, conducted at a time when sulphurdeposition was much higher than at present, have resulted in the selection of high-yielding genotypes with a greater intrinsic requirement for sulphur-fertilization than their predecessors ( Eriksen et al., 1998) . The recent introduction of the so-called 'double low' varieties of oilseed rape sulphur-containing glucosinolates as a consequence of a gested that breeders may have inadvertently selected (Gossypium hirsutum L.) bred in polluted parts of the United States are more resistant to O 3 than their countermodern lines which avoid SO 2 uptake through the rapid closure of stomata in polluted environments, or that this parts bred in non-polluted regions ( Reinert et al., 1982) , while farmers operating in polluted regions undoubtedly response is linked with some trait that breeders have consciously selected for. This hypothesis was subsequently select cultivars that show enhanced yields and reduced 'injury' regardless of cause (Gimeno et al., 1999) . Howtested in a greater range of winter wheat varieties released into UK agriculture since the middle of the 19th century ever, there has, to our knowledge, been only one study that has attempted to address the question of whether (including some very old varieties introduced before [e.g. 'Squareheads Master' and 'Browick'] and shortly after there has been inadvertent selection for O 3 resistance by crop breeders, and this yielded unexpected findings. These [e.g. 'April Bearded' and 'Red Lammas'] the advent of modern plant breeding). Experimentation (J Barnes and investigations centred on the impacts of O 3 fumigation (90 ppb 7 h d−1 21 d) on the growth and physiology of C Murgatroyd, unpublished results) revealed no significant correlation between the year of introduction and the eight varieties of soft wheat (Triticum aestivum L.) and two varieties of hard wheat (Triticum durum L.), bred extent of the growth reduction induced by a 4 week exposure to 100 ppb SO 2 or 100 ppb SO 2 +100 ppb NO 2 and introduced into Greece between 1932 and 1980 (Barnes et al., 1990 . Given the fact that these genotypes (Fig. 5) , and although there were differences between varieties in the extent of stomatal closure induced by SO 2 were selected over a period that has seen a dramatic increase in the incidence of potentially phytotoxic O 3 and/or NO 2 , the pattern of response was not related to the year of introduction and all the varieties showed concentrations in Greece ( Velissariou et al., 1992a; Gimeno et al., 1994; Katsoulis and Tsangaris, 1994) , it substantial increases in leaf sulphur content (6 mg g−1 dry wt in controls increasing to 11 mg g−1 dry wt). 'Little was hypothesized that breeders might have inadvertently selected for greater O 3 resistance in modern varieties of Joss' and 'Holdfast' were, unfortunately, not amongst the varieties included in the latter study, so it is difficult to a crop which grows during a time of the year when levels of photochemical oxidants are known to be high. draw comparisons with the data of Gould and Mansfield (Gould and Mansfield, 1989 ) and those of Borland and Surprisingly, the reverse was found to be true-modern cultivars appeared to be more sensitive to O 3 than their colleagues (unpublished data). The studies do, however, suggest the need for a re-examination of SO 2 resistance predecessors and parallel leaf gas exchange analyses indicated that selection for higher yields may have been in modern crop lines and their predecessors and, in particular, for an assessment of the effects of SO 2 and/or associated with increased stomatal conductance and therefore O 3 flux ( Velissariou et al., 1992b) . It is likely, NO 2 on yield (and yield components). Despite the fact that O 3 is now recognized to be the however, that other factors contributed to the observed relationships. One candidate is the widespread application most prevalent and damaging air pollutant to which vegetation is exposed in many parts of the industrialized of chemicals. The use of fungicides, pesticides and growth regulators has increased dramatically since the 1950s, in world, little attention has been paid to the possibility that, over the past century, breeders may have inadvertparallel with photochemical oxidants, and it is well documented that many of these chemicals can act as antioxidently selected for physiological and biochemical attributes which maximize crop yields in O 3 -rich environments. ants or ozone protectants (Mooi, 1982) . It is therefore conceivable that the use of agrochemicals may mask the There is the suggestion that cultivars of potato (Solanum tuberosum L.), alfalfa (Medicago sativa L.) and cotton effects of O 3 in field trials. It remains to be established whether the observed relationships between O 3 'resistance' and year of introduction extend to effects on yield and whether similar relationships are evident in crops developed in other regions, where the selection pressures enforced by breeders may be very different to those targeted in Greece.
Potential for manipulating air pollution tolerance
Recent advances have enabled the advent of new technologies to be incorporated into existing strategies for tional plant breeding are considerable ( Yeo, 1998) . Before it will be possible to contemplate the engineering of crop plants with enhanced air pollution resistance there is a need for (i) a better understanding of the mechanisms mediating the 'sensitivity' of plants to specific air pollutants-this is a critical problem because, unlike the situation with some natural stresses, the biochemical basis underlying the phytotoxicity of many of the most prevalent pollutants remains poorly understood; (ii) the identification of genetic variation at the molecular level that is amenable to engineering-if the selected traits are multifactorial then it is possible that achievements in improving the tolerance of crops to specific air pollutants may be restricted to conventional plant breeding for the foreseeable future. If, on the other hand, single genes prove to be of major importance, then it may be possible to isolate and transfer these genes into 'designer' crops that exhibit enhanced resistance to specific air pollutants; and (iii) information on the 'costs' of engineering resistance in an ecophysiological context-studies on the evolution of SO 2 resistance indicate that there may be physiological 'costs' associated with enhanced protection/detoxification that Considerable progress has been made in understanding the mechanisms underlying the phytotoxicity of the most common air pollutants, but many fundamental questions surprising, that extensive surveys of the literature reveal a variable pattern in the response of the antioxidative remain. Until these gaps in knowledge are rectified, it will not be possible to exploit many of the potential benefits defences to specific pollutants (Polle, 1998) . However, sufficient evidence was gathered to suggest that plants of modern molecular techniques in the development of crops with enhanced tolerance to specific air pollutants. exhibiting higher superoxide dismutase (SOD; EC 1.15.1.1) and glutathione reductase (GR; EC 1.6.4.2) In recent years, there has been increasing focus on the role of cellular antioxidative systems and, in particular, activity were less susceptible to O 3 and/or SO 2 (Shaaltiel et Benes et al., 1995) . This generated consideron elements of the ascorbate-glutathione cycle (Fig. 6) , in combatting the oxidative insult generated by several of able excitement at the prospects of engineering air pollution tolerance through the genetic manipulation of the most important air pollutants ( Elstner, 1990; Foyer et al., 1994; Pell et al., 1997; Noctor and Foyer, 1998) .
elements of the ASC-GSH cycle (Alscher, 1989) . The fruits of this work are reviewed extensively elsewhere The importance of these antioxidative systems in mediating the damage caused by different air pollutants has (Bowler et al., 1992; Creissen et al., 1994; Harris and Bailey-Serres, 1994; Schraudner et al., 1997; Foyer et al. , essentially been probed in two ways. Early experimental approaches relied on the determination of antioxidant 1997; Lea et al., 1998; May et al., 1998) , so discussion is restricted to emphasizing two important points. First, levels, and the activity/expression of associated enzymes, in closely-related genotypes of contrasting pollutant senstransformants over-expressing GR in the cytosol and plastids have commonly been shown to be more resistant itivity. This approach was fraught with more difficulties in interpretation than first appreciated, since levels of to SO 2 , but not to O 3 ; and second, although there are exceptions (see expression; Van Camp et al., 1994 ; Pitcher ascorbate (ASC ) and glutathione (GSH ), and the capacity for the recycling of these compounds, depend on a and Zilinskas, 1996; Aono et al., 1998) transformants over-expressing SOD and/or ascorbate peroxidase (APX; number of factors including; the stage of leaf and plant development (Bowler et al., 1992; Bender et al., 1994) , EC 1.11.1.11) in different intracellular compartments have rarely been shown to exhibit improved O 3 tolerance. growth conditions (Menser, 1964) , nutritional status (Polle and Rennenberg, 1994; Matyssek et al., 1997) and Some have argued that this is perhaps not surprising, since the primary reactions following the uptake of O 3 the plant's prior history of exposure to pollutants and/or other oxidative stresses (Sandermann et al., 1998;  occur in the leaf apoplast (Polle, 1998; Moldau, 1998) . The present emphasis on understanding the way in which Schraudner et al., 1997) . It is therefore possibly not cells perceive and respond to oxidative insult may eventuthe newly proposed ASC biosynthetic pathway ( Wheeler et al., 1998) . Hence there is strong (though as yet largely ally pave the way for the manipulation of O 3 tolerance through the co-ordinated up-regulation of the antioxicircumstantial ) evidence that apoplastic ASC (and possibly other extracellular antioxidants) may play a significdative defences (in both apoplast and symplast). Furthermore, this exciting new prospect has the major ant role in mediating O 3 tolerance, but many important questions remain. Efforts to quantify the role of apoplastic attraction that there is the tangible prospect of improving not only tolerance to O 3 , but also resistance to other antioxidants in the detoxification of O 3 (and other reactive gases; Ramge et al., 1993) are, however, currently oxidative stresses, since the signal transduction pathways involved in the perception of, and the primary responhindered by a poor understanding of the dissolution and reaction chemistry of O 3 , and its reactive products, in the ses to, O 3 appear to be common not only to several air pollutants, but also to other oxidative stresses leaf apoplast (Ramge et al., 1993; Moldau, 1998; Jakob and Heber, 1998; Vanacker et al., 1998; Plõ chl et al., ( Kangasjärvi et al., 1994; Sharma and Davies, 1997; Sandermann et al., 1998; Schraudner et al., 1998; Rao 1999; Lyons et al., 1999a, b). and Davis, 1999 ).
An alternative approach to the genetic engineering of
Concluding remarks
O 3 tolerance might be the targeted manipulation of antioxidant defences in the leaf apoplast. There is growing Air pollution constitutes a significant environmental change and has been shown to bring about alterations in recognition that antioxidants located in the leaf apoplast may play a significant role in scavenging O 3
, and other the composition of native plant communities through the subtle elimination of sensitive individuals or species. active oxygen species (AOS ) (Chameides, 1989; Polle et al., 1990) . The leaf apoplast is known to contain several However, there is evidence that some species are able to respond to this challenge by evolving the ability to grow well-documented antioxidants including APX, PODs ( EC 1.11.1.7), CucZnSOD, but the majority of attention has and reproduce in polluted environments. This is perhaps not surprising since wild populations have been shown to focused on ASC (Dietz, 1997; Moldau, 1998) . Ascorbate is present at millimolar concentrations in the apoplast of evolve resistance to many novel stresses, and this capacity forms the basis of much conventional plant breeding. leaves and stems, and several independent lines of evidence have fuelled interest in the function of this ASC What is remarkable, is the apparent speed with which these evolutionary responses can take place in the field. pool as a first line of defence against O 3 : (i) the antioxidant properties of ASC are well-documented (Foyer, 199 3 ; There is abundant evidence that plant lines vary in their responses to air pollutants. It is therefore feasible Foyer et al., 1994) ; (ii) the rate constant for the reaction between ASC and O 3 , as well as some reaction products to select and breed plants with enhanced resistance to specific air pollutants. However, the existing genetic vari-(e.g. singlet oxygen), is high (Giamalva et al., 1985; Kanofsky and Sima, 1995) ; (iii) recent work suggests ation has so far been under-exploited in traditional breeding programmes, because air pollution resistance has that the concentration of ASC in the leaf apoplast is inversely correlated with intraspecific variation in O 3 usually not been targeted as a desirable trait in the majority of crops. Since resistance to pollutants such as 'resistance' in some species (Fig. 7) ; (iv) manipulating the level of apoplastic ASC through various treatments, O 3 appears to be a quantitative trait, it may be profitable to explore the use of DNA markers or fingerprints to including the feeding of biosynthetic precursors, has been shown to be reflected in predictable changes in the 'sensitidentify the minimum number of genes involved and where they reside in the genome. ivity' of plants to O 3 (Machler et al., 1995; Moldau et al., 1998; Conklin et al., 1996; J Maddison and J Barnes, The interpretation of data relating to inadvertent selection for pollution resistance is complex given the many unpublished results); (v) infiltration with ASC delays the appearance of superoxide radicals in O 3 -treated leaves potential interactions between pollutants and other abiotic/biotic factors in the field. However, taken in the (Runeckles and Vaartnou, 1997); (vi) apoplastic ASC is consumed when leaves are exposed to O 3 (Castillo and present economic and political context, where the goals should be to maximize production while reducing fertilizer Greppin, 1988; Luwe et al. 1993) ; (vii) the rate of replenishment of the apoplastic ASC pool is diffusionand agrochemical inputs, it may be profitable to consider the inherent sensitivity of crop lineages to atmospheric limited (Horemans et al., 1998; Plö chl et al., 1999) ; and (viii) O 3 sensitivity (assessed in terms of visible injury) pollutants during the re-examination of old crop cultivars/ varieties as donors of useful morphological and physioco-segregates with ASC-deficiency in a collection of vtc (originally named soz) mutants of Arabidopsis thaliana logical traits. The application of modern molecular techniques to the (Conklin et al., 1996 (Conklin et al., , 1997 -the best-characterized of which (vtc1) has been shown (Conklin et al., 1999) to be development of new stock with enhanced resistance to specific air pollutants will, at the very least, require the deficient in a key enzyme (a GDP-mannose pyrophosphorylase ( EC 2.7.7.13; mannose-1-P guanyltransferase) in identification and isolation of the genes involved. Some understood despite more than 40 years of research. 
